[1] The direct comparison of lightning mapping observations by the New Mexico Tech Lightning Mapping Array (LMA) with realistic models of thundercloud electrical structures and lightning discharges represents a useful tool for studies of electrification mechanisms in thunderstorms, initiation and propagation mechanisms of different types of lightning discharges as well as for understanding of electrical and energetic effects of tropospheric thunderstorms on the upper regions of the Earth's atmosphere. This paper presents the formulation of a new three-dimensional probabilistic model for investigating the structure and development of bidirectional positive and negative lightning leaders. The results closely resemble structures observed by the LMA during intracloud discharges. The model represents a synthesis of the original dielectric breakdown model based on fractal approach proposed by Niemeyer et al. (1984) and the equipotential lightning channel hypothesis advanced by Kasemir (1960) and places special emphasis on obtaining self-consistent solutions preserving complete charge neutrality of the discharge trees at any stage of the simulation. A representative simulation run is compared to a typical intracloud discharge measured by LMA in a New Mexico thunderstorm on 31 July 1999. Following the conclusions from Coleman et al. (2003), the comparison of the model and observed discharges reveals that an adequate choice of the electrical structure of the model thundercloud permits the development of a model intracloud discharge reproducing principal features of the observed event including the initial vertical extension of the discharge between the main negative and upper positive charge regions of the thundercloud, and the subsequent horizontal propagations in these regions. Also consistent with observations (e.g., Coleman et al., 2003) , negative and positive leaders mainly develop in the upper positive and main negative charge regions, respectively. For the particular model case presented in this paper, the total charge transfer, the vertical dipole moment and the average linear charge density associated with the development of bidirectional structure of leader channels are estimated to be 37.5 C, 122 CÁkm, and 0.5 mC/m, respectively, in good agreement with related data reported in the refereed literature. The model results also demonstrate that the bulk charge carried by the integral action of positive and negative leaders leads to a significant (up to 80%) reduction of the electric field values inside the thundercloud, significantly below the lightning initiation threshold. 
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Introduction
[2] The leader process as a propagation mechanism of cloud-to-ground lightning was determined photographically as early as the 1930s by Schonland, Malan and coworkers in South Africa (as summarized by Uman [1984, p. 5; 2001, pp. 7 and 83] ). This basic mechanism is now known to be also valid for intracloud discharges [Ogawa and Brook,Uman, 2003, p. 322] . However, understanding of the internal physics of the leader process is still far from complete [e.g., Bazelyan and Raizer, 2000, pp. 84 -85; Gallimberti et al., 2002; Pasko, 2006, and references therein] . The complexity of the phenomenon and the lack of a complete theory on lightning propagation led some authors to consider only the bulk effects of the lightning discharges in the development of cloud electrification models [e.g., Ziegler and MacGorman, 1994; Krehbiel et al., 2004] . The model presented in this paper continues a long-lasting effort started in the 1950s directed toward a theoretical description of the interaction between the lightning channel and the surrounding thunderstorm electric field [e.g., Kasemir, 1960, and references therein] .
[3] Kasemir [1960] modeled the lightning channel as an equipotential, overall neutral, prolonged spheroid placed in the thundercloud electric field. The spheroid is vertical and lies on the main axis of the system, which is assumed to possess a rotational symmetry. The induced linear charge density on the channel is derived on the basis of the surrounding ambient potential of the thundercloud. Mazur and Ruhnke [1998 ] revisited Kasemir's [1960] model with the same assumptions of overall neutrality and equipotentiality in order to investigate the relationships among cloud charges, potentials and electric fields, and the induced charges, currents, and electric field changes associated with the lightning channel. The linear charge density in the channel was no longer derived analytically on the basis of the assumption of spheroid channel but determined numerically to account for the geometry of the channel used in their model. This work utilized a tripolar-like charge model to study the development of cloud-to-ground and intracloud discharges, but the system remained axisymmetric and did not allow for branching or horizontal development. Unlike Kasemir's [1960] model, in which the estimation of the potential was done for a channel of fixed length, Mazur and Ruhnke [1998] introduced a dynamical variation of the channel length to simulate the discharge progression.
[4] In their three-dimensional simulations of electric fields within a thunderstorm, Hager et al. [1989] introduced a deterministic lightning model, which allowed branching of the discharge channels. In this model, whenever some component of the electric field reaches a predefined breakdown threshold, the conductivity between the corresponding mesh points is taken to infinity. As the conductivity tends to infinity, the potential is adjusted throughout the domain, so that in the breakdown region, the potential is constant. This adjustment to the potential, which does not account for the overall neutrality of the discharge, often leads to cascades; in the process of equilibrating the potential between two nodes, the electric field between an adjacent pair of nodes reaches the breakdown threshold [Hager et al., 1989] .
[5] Recently, Behnke et al. [2005] applied the principles of Mazur and Ruhnke's [1998] model to investigate the evolution of initial leader velocities during intracloud lightning. Instead of Mazur and Ruhnke's [1998] model of a thundercloud, the authors used a more realistic model derived from lightning mapping and electric field sounding observations of actual storms. Like Mazur and Ruhnke [1998] , Behnke et al. [2005] ensured the overall neutrality of the channel by adequately shifting the electric potential of the channel.
[6] Helsdon et al.
[1992] used Kasemir's [1960] equipotential, spheroid, overall neutral representation of the lightning in their Storm Electrification Model. The problem was solved in a two-dimensional (2-D) Cartesian domain, with no hypothesis concerning the symmetry of the channel. To overcome the difficulty of deriving a linear charge density in 2-D, Helsdon et al. [1992] derived an analytical expression for the linear charge density carried by a channel of the designated spheroid geometry. In this model, the lightning propagates with no branching along the field lines defined by the ambient field configuration regardless of the electric field due to the lightning channel itself. Helsdon et al. [2002] extended the previous model to a 3-D geometry. The channel is again neutral and equipotential and propagates bidirectionally between the grid points of the threedimensional Cartesian space, with essentially the same limitations as in the 1992 model. Other models based on the same concepts have been developed but are not described here for the sake of brevity. A review of those is given by Poeppel [2005, pp. 1 -5] .
[7] A significant limitation of the aforementioned models is related to the deterministic character of the lightning propagation. Indeed, none of these models is able to reproduce the observed morphology of highly distorted and branched path of the lightning in a realistic way. This issue cannot be resolved at present using a microscopic approach to the lightning propagation because of insufficient knowledge of the related processes and also because of the lack of computational power. Instead, Petrov and Petrova [1993] used Niemeyer et al.'s [1984] Dielectric Breakdown Model to introduce stochasticity in the modeling of the lightning discharge. The original model by Niemeyer et al. [1984] has been further discussed, refined and improved by Satpathy [1986] , Niemeyer et al. [1986] , Wiesmann and Zeller [1986] , Niemeyer and Wiesmann [1987] , Niemeyer et al. [1989] , and Femia et al. [1993] . The idea of these models is to simulate the observed macroscopic behavior of the leader by using a probabilistic approach rather than by describing its internal physics. Such models have been successfully applied to reproduce other atmospheric phenomena such as sprites [e.g., Pasko et al., 2000 Pasko et al., , 2001 . Petrov and Petrova's [1993] model used a dipole electrode representation of a thundercloud in a 2-D Cartesian space. The links between grid points resembling lightning channels were initiated from a central circular region in the simulation domain where the potential was kept constant. The model used unusually high electric field values for the discharge initiation threshold and employed a variable voltage drop along the channel to simulate its resistivity. Petrov et al. [2003] further extended this model to a 3-D Cartesian geometry to predict the probability of lightning strikes to practical structures. As in their previous model, the potential of a point of a new link at the moment of its connection with the discharge remained unchanged for the remainder of the simulation. No assumptions concerning the channel neutrality were employed and no charge densities were derived.
[8] Mansell et al. [2002] also extended Niemeyer et al.'s [1984] model to a 3-D Cartesian geometry. In addition, they added bidirectional propagation of the model lightning trees, and integrated it in a numerical thunderstorm model. As in the work by Petrov and Petrova [1993] , the channel is resistive but with a fixed voltage drop between adjacent channel grid points. Like Kasemir [1960] , Mansell et al. [2002] assumed the overall neutrality of the channel, which was ensured by favoring the development of a part of the bidirectional tree having a charge deficit. In particular, if the overall net charge carried by the discharge trees after an iteration was positive (respectively negative), the threshold field needed for advancement of branches of negative (respectively positive) polarity was lowered to enhance their development until neutrality was achieved [Mansell et al., 2002] .
[9] The aforementioned channel-based simulations of lightning only model the leader part of the discharge. Nonetheless, it is well known that a streamer zone, not described in the previous models, develops at the leader tip and plays an important role in leader advancement [e.g., Bazelyan and Raizer, 2000, p. 71] . Because of its high conductivity, the leader is analogous to an equipotential metallic wire which gets polarized when placed in the thundercloud ambient electric field. The resulting accumulation of charge at the tip of the leader enhances the surrounding electric field above the threshold required for initiation of streamers. Consequently streamers continuously develop in the region surrounding the tip with a generation frequency on the order of 10 9 s À1 [Bazelyan and Raizer, 2000, p. 71] . The charge density associated with streamers leads to a self-consistent reduction of the electric field in the leader streamer zone to values comparable to the streamer initiation threshold [Bazelyan and Raizer, 2000, pp. 56-71] . In addition, currents of all streamers starting from a leader tip are summed up, heating the region ahead of the tip and therefore increasing its conductivity permitting further propagation of the leader channel [Bazelyan and Raizer, 2000, pp. 53 -64 and 255; Rakov and Uman, 2003, pp. 136 and 226] . The exclusion of the direct modeling of the streamer zone in existing models is justified by the lack of knowledge of the detailed physics of this region as well as by the computational expenses involved in a thorough description of it.
[10] Kupershtokh et al. [2001] proposed to introduce the streamer zone in probabilistic lightning models using a cellular automata approach. Kupershtokh et al.'s [2001] model does not deal with the underlying physics of the process. Thus, from this point of view it remains close to Niemeyer et al.'s [1984] original model. The previous models consider only two states for any grid point in the domain: a conducting state, if the point is crossed by the leader, and a dielectric state otherwise. The use of a cellular automata approach described by Kupershtokh et al. [2001] allows the introduction of a third, streamer state, reproducing the streamer zone. Moreover, Kupershtokh et al. [2001] introduced time in their model to overcome the absence of an actual timescale in the Niemeyer et al. [1984] -based models. The model developed in by Kupershtokh et al. [2001] has not yet been applied to the modeling of leader development in realistic thundercloud configurations.
[11] Agoris et al. [2004] also introduced leader-streamer zone effects but still based their model on the ''classical' ' Niemeyer et al.'s [1984] dielectric breakdown model. In addition, they used a timescale for propagation of streamer and leader bounds. The formation time of each streamer segment likely to propagate the discharge is derived using the assumption of a Weibull probability distribution function and compared to the time step of the current iteration (defined as the average of the times of formation of all candidate streamer bounds). Hence at each step, if the time of formation of a candidate streamer link is smaller than the time step of the current iteration, the link is added to the existing tree. Unlike the leader streamer corona mechanism described above, the formation of leader channels is considered to be done at constant velocity compared to streamer propagation (and therefore with a constant time step). Its driving mechanisms are the same as in the work by Femia et al. [1993] , except that candidate leader bounds are now defined between the leader channels and points occupied by a streamer link. This model is run in a 2-D Cartesian simulation domain and no charge considerations are accounted for at any stage of the development of either streamer or leader channels. This model has been applied to the study of Franklin rod height impact on the striking distance and produced results in good agreement with experiments.
[12] In Kupershtokh et al.'s [2001] model as well as in any other model based on approaches proposed by Niemeyer et al. [1984] , the channel propagates through grid points of a discretized 2-D or 3-D simulation domain. Therefore the channel propagation often takes unrealistically sharp angles. This issue has been addressed by Helsdon and Poeppel [2005] . These authors proposed to avoid grid dependency in a 3-D geometry by deriving the direction of the lightning propagation based on the location of random free electrons near the leader tip, and no longer in terms of the probability introduced by Niemeyer et al. [1984] . Stochasticity in this model is therefore introduced by the location of the free electrons, which is derived using a Monte Carlo technique [Helsdon and Poeppel, 2005] . The channel is assumed to be equipotential and the linear charge density is derived using the theory for unbranched conductors [e.g., Mazur and Ruhnke, 1998 ]. Helsdon and Poeppel [2005] have been able to identify numerical parameters of the model leading to the realistic behavior of the channel (e.g., branching, arresting of propagation, etc.), and the model produced positive leaders developing in the negative charge regions, and negative leaders propagating in the positive charge center, generally consistent with observations.
[13] The purpose of this paper is to present a new fractal model of lightning derived from Niemeyer et al.'s [1984] Dielectric Breakdown Model. The model is three-dimensional and uses Kasemir's [1960] equipotential hypotheses to describe the channel properties. Special emphasis is placed on obtaining self-consistent solutions preserving complete charge neutrality of discharge trees at any stage of the simulation. This model is applied to investigation of changes in configuration of the thunderstorm electric field by an intracloud lightning discharge. The model results are directly compared to an intracloud discharge detected by the LMA.
[14] The study of cloud-to-ground discharges involves modeling of additional processes (e.g., the development of the return stroke) which requires further discussion and validation. The initial work on related subject has recently been presented by Riousset et al. [2006] and will be reported in a separate paper. The present paper focuses on intracloud discharges only.
Model Formulation
[15] The thundercloud and lightning discharge are modeled in a 3-D Cartesian domain. The domain is discretized using equidistant grids (specific parameters are given in section 3).
[16] The thundercloud charge distribution is based on a tripole model [e.g., Williams, 1989; Rakov and Uman, 2003, p. 69] . This model is often regarded as an adequate approximation of the charge structure involved in lightning discharges in the convective parts of normally electrified storms. It employs a three layer charge structure above a perfectly electrically conducting (PEC) flat ground plane. A main negative charge (Q N ) is located at midlevels in the storm, with comparable upper positive charge (Q P ) above the negative and a weaker lower positive charge (Q LP ) below the negative, as illustrated in Figure 1 . The model can also be extended to include negative screening charge (Q screen ) at the top of the cloud, but this extension is not implemented in the present study. An important aspect of storm charge structure is that the upper positive and main negative charge regions are spread in horizontally extended regions within the confines of the storm as will be further described below.
[17] The particular charge configuration used in our modeling closely follows the approach of Krehbiel et al. [2004] and Behnke et al. [2005] . Each charge layer is assumed to have a cylindrically symmetric disk shape with dimensions chosen on the basis of observations of a storm over Langmuir Laboratory on 31 July 1999, as determined by Krehbiel et al. [2004] and summarized in Table 1 (see Marshall et al. [2005] for results concerning the initiation conditions of cloud-to-ground lightning discharges in this storm). In the study by Krehbiel et al. [2004] , charging currents I 1 and I 2 were introduced between the upper and lower dipolar structures (i.e., Q N -Q P and Q N -Q LP , respectively) that reproduced the average lightning rates of both cloud-to-ground and intracloud flashes, as determined by the three-dimensional Lightning Mapping Array (LMA). The charging currents were I 1 = +1.5 A between the main negative and upper positive, and I 2 = À90 mA between the main negative and lower positive charge regions. The resulting variation of the electric field profiles with space and time along the axis of the modeled charge structure reproduced the basic features of balloon-borne electric field soundings through the storm [Krehbiel et al., 2004] .
[18] In the present study, the above charging currents were applied until the conditions for initiation of an intracloud discharge between the main negative and upper positive charge regions were satisfied (discussed later in this paper). The charge brought by the currents was uniformly distributed in cylindrical disk volumes with dimensions specified in Table 1 (see also Figure 1 ). The values of the thundercloud charges at the time of the lightning initiation are also included in Table 1 for reference. The charge density of the model thunderstorm at the time of discharge initiation is discretized on the grid points of the simulation domain and referred to as the ambient charge density r amb . From the charge density, the ambient electric field and potential (Ẽ amb and f amb ) are determined at all grid points within and on the boundaries of the simulation domain.
[19] The potential on the side and upper boundaries is calculated so that the contributions of all the charges within the simulation domain as well as the ground images of these charges are accounted for. Those boundary conditions are further referred to as ''open boundaries.'' The ground is assumed to be a perfect conductor with potential f gnd = 0. Consequently, the electric potential at the boundaries prior to the discharge can be obtained directly from the following expression [e.g., Liu and Pasko, 2006] :
wherer defines the coordinate vector of a point at a boundary and f(r) the total potential at this point. The quantity r amb (r 0 ) refers to the ambient charge density at pointr 0 , while r amb i (r 0 i ) designates the ground image of the ambient charge distribution at pointr 0 i . Having calculated potential values on the boundaries, we numerically solve Poisson's equation r 2 amb = Àr amb /e 0 using a SOR algorithm [e.g., Hockney and Eastwood, 1981, p. 179 ] to calculate f amb andẼ amb = Àrf amb inside of the simulation domain. The development of discharge trees starts when the cloud charges reach values such that the ambient field exceeds a predefined initiation threshold E init for a lightning discharge by 10% somewhere in the simulation domain (the related charge values are shown in Table 1 ). From this moment on, the ambient charge distribution remains unchanged.
[20] The exact value of the initiation threshold (i.e., of the electric field E init required to initiate the lightning) is not well established, neither are the mechanisms of the lightning initiation [e.g., Marshall et al., 1995; Dwyer, 2003; Behnke et al., 2005, and references therein] . A general consensus exists in the present literature that values around $1-2 kV/cm at sea level represent a reasonable estimate of fields needed for lightning initiation [e.g., Gurevich and Zybin, 2001; MacGorman et al., 2001; Behnke et al., 2005; Helsdon and Poeppel, 2005; Mansell et al., 2005; Marshall et al., 2005] . For the purposes of this paper, we adopt a value E init = 2.16 kV/cm similar to that used in recent studies of Krehbiel et al. [2004] and Marshall et al. [2005] .
[21] We note that the field value '2.16 kV/cm at sea level is the minimum field needed to balance the dynamic friction force in air on a relativistic electron with $1 MeV energy [e.g., McCarthy and Parks, 1992; Gurevich et al., 1992; Roussel-Dupré et al., 1994; Lehtinen et al., 1999; Gurevich and Zybin, 2001] . However, we emphasize that similarly to our previous work [e.g., Pasko and George, 2002] we use 2.16 kV/cm only as a reference field, making no direct association of the relativistic runaway phenomenon and lightning initiation in our model. The intracloud discharge develops as a bidirectional leader from the inception point. Although controlled by different processes, the propagation of the positive or negative branches is known to require nearly identical electric fields [e.g., Raizer, 1991, p. 375; Bazelyan and Raizer, 1998, p. 253; Rakov and Uman, 2003, p. 322] . This propagation threshold, denoted E th ± , is about 1 kV/cm in large laboratory gaps (several tens of meters long) [Raizer, 1991, p. 362] and can be substantially lower in case of lightning leaders [Gallimberti et al., 2002, and references therein] . Both the lightning initiation E init and propagation E th ± thresholds represent input parameters in our model. In the framework of the present paper, the increases or decreases in these thresholds would lead to corresponding increases or decreases in thundercloud charge values and densities and would not affect any principal conclusions derived from the present study. In this paper we simply assume the same initiation and propagation thresholds E init = E th ± = ±2.16 kV/cm, where E th + is positive and represents the propagation threshold of positive leaders, while E th À is negative and represents the propagation threshold of negative leaders. These values are given at sea level, and it is assumed that they vary proportionally to the neutral atmospheric density N at other altitudes. Practical considerations have led us to define every altitude z in our model with respect to the ground level (i.e., z = 0 is always referred to as ground level). However, sea level is the usual reference for neutral atmospheric density N. Since ground level and sea level do not always coincide (e.g., when considering measurements in New Mexico thunderstorms), it is judicious to introduce explicitly the difference between ground level and sea level and to denote it as z gnd . Therefore, the initiation and propagation thresholds can be derived at any altitude z above ground using the following representation:
where N 0 is the value of the neutral density at sea level.
[22] As already noted above, the model thundercloud achieves a maturity state sufficient for lightning initiation when the corresponding ambient electric field exceeds the initiation threshold field by 10% somewhere in the simulation domain. As a result of this process, a region of high electric field exceeding the initiation threshold by 0 to 10% is created around the central vertical axis of the simulation domain between the upper positive and central negative charge layers. The inception point is chosen randomly in this region with no weighting on the basis of the ambient electric field magnitude. Thus every point at which jE amb j ! jE init j has equal probability to initiate the discharge. The leader channel propagates iteratively from this starting point; at each step, one and only one link is added (at either the upper or the lower end of the tree) and the potential is updated to ensure the overall neutrality of the channel. To illustrate the procedure, we start from an existing channel and describe each step required to achieve the next stage of the development of the discharge tree.
[23] We first define the total potential f, which can be viewed as the ambient potential due to thundercloud charges modified by the presence of the lightning trees up to the current stage of development. Further propagation of the channel requires the knowledge of f inside of the domain. How f is determined will be discussed later in this section. At this point, we assume that the total potential has already been established and show how the next segment of the discharge tree is added. By the choice of the new link, we introduce stochasticity in the model. Starting from the existing channel, a new link is chosen among the candidates, which are defined as the possible links between the channel points and the neighboring points where the local electric field exceeds E th ± . For each candidate link i, the local electric field E i is calculated as E i = (f start À f end )/l, where f start and f end are the total potentials at the tips of the candidate link, and l is the length of the link. Consequently, a positive or negative leader will be able to propagate through a candidate link i if E i ! E th + or E i E th À , respectively. Examples of candidates originating from two representative points on an existing discharge tree are shown in Figure 2a . The existing tree is represented using solid lines, while the candidate links are represented by dashed lines. Figure 2a is plotted in 2-D for the sake of clarity, and an extension to the 3-D geometry actually used by the model is straightforward. The probability of the channel growth associated with candidate link i is assigned as follows [e.g., Wiesmann and Zeller, 1986; Femia et al., 1993] :
where h is called the probability sensitivity. The value of h has been derived by Popov [2002] to be 1 for streamer discharges in air. No similar derivation exists for the case of leader discharges. For all calculations presented in this paper, we adopt h = 1, which is a common choice in existing fractal models [e.g., Niemeyer and Wiesmann, 1987; Mansell et al., 2002] . The probability associated with each link can be represented as a portion of a segment of unity length (see Figure 2b) . By picking randomly a point between 0 and 1 on this segment, we select the new link. Therefore, this procedure accounts for both the propensity of the channel to develop in regions of strong electric field and for the stochastic nature of the leader development.
[24] Once the new link has been selected, the potential needs to be redefined in the channel, inside of the domain and at its boundaries. This potential adjustment, which has formerly been used for simple deterministic models [e.g., Mazur and Ruhnke, 1998 ], is the salient component of the model compared to the previous fractal modeling of lightning discharge [e.g., Mansell et al., 2002] , and must account for the overall neutrality of the discharge tree and its equipotentiality. This is achieved in the following way. From the principle of superposition, the total potential in the presence of a conducting tree at each point M inside the simulation domain can be written as f(M) = f amb (M) + f cha (M), where f cha (M) is the potential due to the charges induced on the channel. In particular, for points P on the channel, f cha (P) = f 0 À f amb (P) to make the channel an equipotential characterized by the constant potential f 0 . A simple iterative procedure is used to determine the value of channel potential f 0 that minimizes the net charge on the channel as described later in this section. The updated values of f cha after the addition of a new link are derived by solving Laplace's equation r 2 f cha = 0 using the SOR algorithm with Dirichlet's conditions (i.e., fixed potential) on the interior and exterior boundaries defined hereafter. The grid points occupied by the channel serve as an interior boundary, and the potential f cha (P) at these point is fixed and set to f 0 À f amb (P) as detailed previously. The values of the potential on the boundaries of the simulation domain define the exterior boundary. They are taken from potential solutions obtained after the previous link was added and are also assumed fixed. Having applied Poisson's equation to the new result for f cha , but now including the points on the channel in calculation of the Laplacian, we can estimate the charge density r cha associated with the channel as r cha = Àe 0 r 2 f cha . Since r 2 f cha = 0 everywhere outside the grid points which belong to the discharge trees, r cha is confined only to the grid points on the channel. The total charge Q cha on the channel can then be obtained by performing an integration of r cha over the volume of grid points associated with the discharge trees as follows: Q cha = RRR V r cha (r)dV. In addition, the electric dipole momentp of the discharge trees is derived for diagnostic purposes as:p = RRR Vr r cha (r)dV [e.g., Zahn, 1987, p. 139] .
[25] The value of f 0 to achieve overall neutrality of the channel, namely Q cha = 0, is determined by applying a bisection method [e.g., Press et al., 1992, p. 353] . This rootfinding algorithm requires that the solution is known to lie inside a given interval. For the present model, the total potential of the channel f 0 will necessarily lie between the minimum and the maximum of the ambient potential. Because the algorithm quickly converges to the solution, we simply use the extrema of f amb to bound the solution instead of attempting to estimate f 0 on the basis of its value at the previous stage of the channel development.
[26] Having determined f 0 and f cha as described above, the effect of the channel is known everywhere in the simulation domain following addition of each new link. In particular, the determination of r cha enables us to update the contribution of the channel to the potential at the simulation domain boundaries. This is done using equation (1) with f amb , r amb and r amb i respectively replaced by f cha , r cha and r cha i , where r cha i is the ground image of the channel charge. The recalculated values are used for the boundary conditions during the next step of the discharge development. Thus the update of the simulation domain boundary conditions is always ''one link behind'' with respect to advancement of the channel. This delay is due to the impossibility to determine the effect of a link on the boundary conditions prior to its establishment. Since the difference is only that due to the addition of a single link, the errors introduced by this approach are expected to be small. Typically, for the simulation results presented in the next section, a link modifies the total potential at the boundary by less than 1%. Even though the changes are small ( 1%) during every step of the model execution, we fully recalculate the potential at the side and upper boundaries after each addition of a new link for maximum accuracy.
[27] Finally, recalling that f amb has been previously derived inside of the domain and at its boundaries, the potential at any point M of the domain can be obtained using the principle of superposition f(M) = f cha (M) + f amb (M). At this stage, all requirements are fulfilled and model execution proceeds to development of the next link. This procedure is repeated until no candidate links for further extension can be found or until a point when a channel link reaches the ground. In the present paper, we focus on studies of intracloud discharges, which are more probable for thundercloud charge configuration specified at the beginning of this section.
Results
[28] In this section, we report results from a representative simulation run corresponding to an intracloud discharge. The results have been obtained in a 12 km Â 12 km Â 12 km simulation domain, which has been discretized using 41 Â 41 Â 61 equidistant grid points. Hence, the space resolution is 300 m in the x-and y-directions and 200 m in the vertical z-direction. We note that the ground level for lightning simulations is different from the reference altitude for the LMA measurements (which is usually within 10 m of the mean sea level [Rison et al., 1999] ). As discussed in the previous section, our model uses ground level as zero altitude (z = 0 km) reference point. To ease direct comparison with LMA results, all plot results produced by our model have been shifted by adding z gnd to z such that all altitudes in Figures 1 and 3 -8 are given with reference at the sea level. After $32.5 s of application of charging currents I 1 and I 2 with magnitudes defined in the previous section, the conditions for lightning initiation are fulfilled (i.e., the electric field at one of the points inside of the simulation domain exceeds E init threshold by 10%). This leads to cloud charge density r amb in the two upper charge layers on the order of ±1 nC/m 3 . These values are smaller than those inferred from measurements by Williams et al. [1985] or Coleman et al.
[2003], but still of the same order of magnitude. The positions, dimensions and integral charge values corresponding to each charge layer at this moment of time are summarized in Table 1 .
[29] Figure 1 shows a cross-sectional view of the model thundercloud (in the y -z plane positioned in the center of the simulation domain at x = 6 km). The upper and lower positive charge layers are identified by the letters P and LP respectively, while the central negative charge layer is identified by the letter N. In addition, Figure 1 also illustrates the electric field lines produced by this charge configuration just before the initiation of the discharge. The electric field lines converge toward the negative charge center and diverge from the upper positive one, consistent with expectations. At the lower boundary, the field is normal to the equipotential ground surface, also consistent with field theory.
[30] If equipotential boundaries with potential equal to f gnd were used, the field line pattern would be conspicuously modified close to the side and top boundaries, where the field lines would be normal to the edges of the domain. This modification is best seen if the number of field lines in Figure 1 is increased (Figure 3b) , and the resulting field line pattern compared to that of the same thundercloud when equipotential boundaries are employed (Figure 3a) . The magnitude of the electric field would also be modified by the use of equipotential boundary conditions. A comparison of the y-scan of the field magnitude at 9.8 km altitude (in the middle of the upper positive charge layer) and at the center of the simulation domain at x = 6 km ( Figure 3c) shows that the use of equipotential boundary conditions introduces a noticeable error, in particular close to the boundaries. In particular, at y = 0 km, the field magnitude is $3.2 Â 10 3 V/m using the open boundary simulation domain, and $1.2 Â 10 4 V/m using equipotential boundaries. Hence equipotential boundaries are not suitable for narrow simulation domains such as the one employed in this study. We additionally note that in both cases the field magnitude is much greater than the fair weather field magnitude at the same altitude $4.7 V/m [Rakov and Uman, 2003, p. 9] .
[31] Figure 4 shows an example of a fully developed discharge. The discharges trees are projected on the x -z, x-y and y-z planes (shown, respectively in Figures 4b, 4d and 4e). Figure 4c shows a histogram representing the numbers of grid points occupied by the discharge links as a function of the altitude. Finally, the altitude of each new link at each step is plotted in Figure 4a . The sequence of steps in our model can be considered as resembling the temporal development of lightning flashes in the actual LMA measurements. The step number gives the sequence of creation of new links in the model, and a color scale similar to actual LMA data is used. For this run, ground level has been set at 3 km above sea level (the approximate altitude of the ground for measurements of the lightning activity near Langmuir Laboratory in central New Mexico). The topographic profile at the location of the LMA observations is presented by Rison et al. [1999] (Figures 3, 4 and 6) and justifies the assumption of a flat ground plane at the above altitude, due to the relatively small variations of the ground elevation ( 1 km) in comparison with the altitudes of the charge centers and that of the development of the intracloud discharge (between 6 and 11 km, see Figure 5 ). The simulated discharge is initiated at an altitude of 7.6 km above sea level (4.6 km above ground level), $1.5 km radially away from the central vertical axis of the simulation domain. The developing leader initially extends vertically without showing much branching structure between $7.0 and $9.2 km before spreading horizontally in the volume of the main negative and upper positive charge layers (at altitudes around 6.5 and 10 km, respectively).
[32] Figure 5 presents an actual intracloud lightning detected by the LMA over Langmuir Laboratory on 31 July 1999 at 2223 (local time). This event is similar to the bilevel discharge first reported by Rison et al. [1999] . We note that the inception point of the discharge was at an altitude of $8.0 km on the southeastern edge of the storm. The discharge then propagates vertically between altitudes around 7.0 and 9.0 km, where horizontal propagation then becomes dominant.
[33] Figure 6 is the same as Figure 4 , except that only the branches developing above the initiation point are shown. In addition, we show the contours of the charge centers in Figures 6b, 6d and 6e by dashed gray lines. The upper positive, central negative and lower positive charge centers are shown in Figures 6b and 6e , while only the upper positive charge layer is illustrated in Figure 6d . Inspection of this figure shows that the negative leaders are essentially contained in the upper positive charge layer. Figure 7 is the same as Figure 4 , except that now only the branches developing below the initiation point are shown. Similarly to Figure 6 , we plotted the contours of the upper positive, central negative and lower positive charge centers in Figures 7b and 7e , and those of the central negative layer in Figure 7d . It can be noticed from this figure that positive leaders are mainly ''trapped'' in the central negative charge layer.
[34] Figure 8a shows the model discharge of Figure 4 in a 3-D representation, while Figures 8b and 8c compare respectively the total electric field and potential before and after the flash at the center of the simulation domain, along the vertical axis. The propagation threshold given by equation (2) is also shown for reference in Figure 8b . A positive value of the electric field indicates an upward directed field.
[35] Figure 9a shows the evolution of the discharge tree total potential f 0 . The charge carried by the positive leaders is illustrated in Figure 9b . We note that negative leaders carry an equal amount of negative charge, and the charge shown in Figure 9b can be interpreted as the total charge transferred by the discharge. Figures 9c and 9d illustrate the evolution of the discharge dipole moment as the simulation progresses. Figure 9a shows a rapid increase of the channel potential at the early stages of the discharge development, from an initial value of À47.5 MV at the inception point, followed by a smoother increase after which f 0 reaches the final value of $41.5 MV. Figure 9b shows a progressive growth of the charge transferred by the discharge which reaches value $37.5 C by the end of the simulation. The magnitude of the dipole momentp shown in Figure 9c also smoothly increases reaching $122 CÁkm. Figure 9c shows thatp is predominantly vertical and directed downward. This trend is consistent with the development of the trees, since the horizontal components ofp (i.e., p x and p y ) become more and more negligible compared to the vertical component p z .
[36] A comparison of the total charge in the system before and after the development of the discharge trees allows us to check the charge conservation. The system remains approximately neutral, with differences between absolute values of positive and negative charges not exceeding $30 mC during different stages of the model execution. This difference is mainly due to numerical noise and is negligible compared to the charge in the cloud or in the upper and lower channel structures. As already noted above, the amount of charge carried by the positive and negative leaders is $37.5 C, which constitutes $75% of thundercloud charges of each polarity (i.e., 51.6 C) as shown in Table 1 .
Discussion
[37] Advanced fractal modeling accounting for the charge neutrality of the discharge has been reported by Mansell et al. [2002] . Although both this model and ours make use of similar hypotheses (namely neutrality of the channel and equipotentiality or quasi-equipotentiality of the channel), the treatments of the channel neutrality and of the boundary conditions differ and constitute two salient improvements of our model.
[38] Unlike other fractal models referenced in section 1, our model modifies the channel potential as the discharge propagates. Previous models involving the charge neutrality of the channel have employed mathematical artifacts to ensure electric neutrality of the discharge, e.g., by varying the propagation thresholds [Mansell et al., 2002] . In contrast to these models, we have chosen to develop a solution involving a physics-based potential variation. This solution avoids the introduction of additional parameters such as the percentage of charge imbalance allowed during the simulation run and the range of variation of the propagation thresholds. Furthermore, it ensures the neutrality at each stage of advancement of the discharge. [39] The treatment of the boundary conditions also represents a significant improvement compared to previous lightning models. While simple, fixed Dirichlet's and/or Neumann's conditions have commonly been used in previous modeling [e.g., Mansell et al., 2002] , the choice of a similar Dirichlet's condition at the ground but open boundary conditions on the upper and side boundaries (see section 2) allows to simulate an open domain in order to obtain a better modeling of the mirror charges. Also, this solution lets us place the boundaries closer to the charge centers, hence yielding increased resolution in the simulation domain, which is of major importance for further advancement of lightning simulation studies.
[40] The simulation run described in section 3 is typical for intracloud discharges produced by our model. As will be discussed in this section, it shows many similarities with the bilevel discharge observed during the thunderstorm over Langmuir Laboratory on 31 July 1999, which is reproduced in Figure 5 . Comparability between fractal modeling and lightning mapping data was mentioned by Mansell et al. [2002] . The present paper further develops the comparison between real and model lightning discharges and introduces a quantitative evaluation of the simulation results.
[41] The LMA observations ( Figure 5 ) show the initial 2-3 km vertical propagation followed by two distinct regions of roughly horizontal propagation at altitudes of $6.5 and $9.5 km. The upper region corresponds to the propagation of the negative leaders in the thundercloud positive charge, and the lower one to that of the positive leaders in the main negative charge. The propagation altitudes of the model discharge are mostly defined by the chosen positions of the model thundercloud charges, which are inferred directly from observations of real lightning discharges following the conclusions by Coleman et al. [2003] . Consequently, the model discharge (Figure 4 ) develops in the two upper charge layers at altitudes matching the altitudes of propagation of the real discharge ( Figure 5 ).
[42] Comparison of Figures 4 and 5 shows that both the simulated and measured discharges are not initiated on the axis of the inferred storm charges, although they both propagate in a rather symmetric manner toward and in the upper positive and central negative charge layers. It is recalled that the x-and y-directions in our simulation are arbitrary and do not necessarily correspond to east -west and north -south directions in Figure 5 . Thus no conclusions should be drawn from the horizontal position of the initiation point, it should merely be noticed instead, that our initiation algorithm produced realistic horizontal displacement of the initiation point with respect to the axis of the storm charge layers. The random initiation algorithm employed in the simulation uses the idea that the lightning is probably not initiated immediately upon the threshold being exceeded at some point in the cloud, but after the threshold is overexceeded over some larger horizontal area. Initiating the discharge once the threshold is exceeded by 10% somewhere in the simulation domain allows the growing charges Q LP , Q N and Q P to create such a region around the central vertical axis. The lightning is then initiated randomly within this area of high electric field (exceeding the initiation threshold E init ).
[43] The initiation point should be regarded primarily as an indicator for locations of strongest vertical fields. In realistic situations the initiation point is also expected to depend on the nonuniformity of the actual storm charges. It is very improbable that the real thundercloud has the perfect cylindrical symmetry assumed by the model. Therefore a nonuniform charge distribution is considered as a primary factor which would lead to the lightning being initiated away from the center of the charge region as in the case of Figure 5 .
[44] Tests have also been conducted with nonrandom initiation (the related results are not shown in this paper for the sake of brevity). In this case, the discharge was always initiated at the point of maximum electric field magnitude. Because of the cylindrical geometry of the modeled thundercloud, this point was always on the main axis of the inferred charge layers at an altitude of 7.6 km. The same initial 2 -3 km vertical extension of the tree followed by the horizontal propagations at altitudes around 6.5 and 10.0 km was observed. The main difference was that the discharge had taken a more symmetric form since the horizontal shift of the initiation point was suppressed. Quantitatively, the values for the channel potential, transferred charge, linear charge density and dipole moments remained very close to those discussed for the simulation presented in Figures 4 and 8 with parameters shown in Figure 9 .
[45] When the contours outlining the positions of the charge layers are superimposed with the discharge channels, as in Figures 6 and 7 , it becomes obvious that simulated trees tend to propagate more or less through the full extent of the parent storm charges. A similar effect has been observed for dielectric breakdown in polymethylmethacrylate (PMMA) [Williams et al., 1985] . This property has also been suggested for real intracloud discharges [e.g., Coleman et al., 2003] and has been noticed in previous fractal modeling of lightning [Mansell et al., 2002] . However, the complexity of the charge structures involved in both observations and Mansell et al. 's [2002] simulation results makes it difficult to interpret the full extent of the effects of net charges on the development of the channel. In particular, while Mansell et al.'s [2002] results show that the leader channels penetrate regions of net charge, the use of a simpler thundercloud charge structure in our model demonstrates that the discharge tends to be strongly limited or confined to such charge regions. This approach is comparable to Williams et al.'s [1985] experiments in charged and uncharged polymethylmethacrylate to test the effects of net charge on propagation of discharge trees (see also Mansell et al.'s [2002] numerical modeling interpretation of these experiments). This phenomenon can be explained by considering the dramatic changes in the field configuration prior to the discharge (represented in Figure 1 ) caused by the development of the lightning leader tree. In the leader breakdown process, the electric field lines are along the potential gradient between the channel potential and the surrounding ambient potential [Riousset, 2006, Figures 2.9 and 2.11 and pp. 22 -30] . Specifically, when a conducting leader channel approaches and progresses into a region of intense charge, the field lines will connect the negative (respectively positive) charges induced on the channel and the surrounding positive (respectively negative) charges of the charge regions. Because of the large horizontal extension of the charge centers, the field lines become primarily horizontal and the field intensity is also increased in this direction. Since the discharge path is mainly driven by the direction of the local electrostatic field, both in real [Williams et al., 1985] and simulated clouds, it is expected that the upper and lower ends of the discharge tree would propagate horizontally inside of the charge layers.
[46] A comparison of Figures 4a, 4b, 4c, 5a , 5b, and 5c reveals a far greater number of points for the propagation of the simulated positive leaders when compared to the actual measurements. Rison et al. [1999] noted that negative breakdown in positive charge regions is inherently noisier at radio frequencies than positive breakdown in a negative layer. The LMA primarily detects the negative breakdown in the positive charge region. In the negative charge regions VHF radiation is produced primarily by recoil-type breakdown in which negative leaders reionize the channels formed by positive leader breakdown . It appears that the LMA is locating such recoil activity in the negative charge regions. Recoil processes are not accounted for in our model. The model thus simulates what the LMA detects because of negative leaders, but not positive leaders. Yet, comparison of Figures 6 and 7 reveals that positive trees developing in the lower portion of the discharge occupy less grid points than negative ones. This effect is purely numerical (i.e., is not related to physical differences between different types of leaders observed in LMA data). Indeed, the upper positive and central negative charge centers have different radii (4 and 3 km, respectively) but are discretized using grids with identical grid size. Thus to extend through the entire volume of each charge layer, the discharge should require (pR P 2 d P )/(pR N 2 d N ) times as many steps in the positive as in the negative charge region. Here, R P , d P designate, respectively, the radius and depth of the upper positive charge layer, while R N , d N refer to the same quantities for the central negative charge region. Using values tabulated in Table 1 , we calculate this ratio to be $1.78, which is in good agreement with the ratio derived $1.51 from Figures 6c and 7c.
[47] Comparison of Figures 4d and 5d emphasizes a major difference in the horizontal development in the simulated discharges as compared to the measured ones, namely the horizontal structure of the simulated trees looks far more complex. As noted previously, LMA measurements appear primarily to detect negative polarity, recoiltype breakdown associated with positive leaders, therefore the LMA map of negative leaders closely matches the map of modeled negative channels (Figure 6 ) but the LMA map of positive leaders has a different and simpler pattern than that of the modeled positive channels (Figure 7) . Additionally, inspection of Figures 6d and 7d shows little difference between horizontal developments of positive and negative trees. The present version of the model does not include any differences between positive and negative leaders, and their streamer zones in particular, and an extension of the model to account for related effects represents a subject of future studies. It is also most likely that the details and complexities of the storm charge structure, which are not reproduced in our model, are largely responsible for the observed discharge structure shown in Figure 5 .
[48] The calculated value of the charge carried by the leader trees has been estimated at every step of the simulation and is plotted for positive branches in Figure 9b . The value at the end of the discharge development, $37.5 C is of particular interest and can be compared to the values obtained from both observational and modeling studies. From multistation electric field change measurements, Krehbiel [1981] determined that the charge transfer during the first twelve intracloud discharges in a small developing Florida thunderstorm steadily increased from about 3 C for the initial intracloud discharge to 21 C for the twelfth discharge [see also Krehbiel et al., 1984b] . In addition, the charge transfer for an energetic intracloud discharge in a fully developed storm was estimated to have been about 50 C [Krehbiel et al., 1984a; . Helsdon et al. [1992] quote typical values for the charge transferred ranging between 0.3 and 100 C. estimated charge transfer to be 8.5 and 49 C for two intracloud discharges in Florida on the basis of interferometer data and single-station electric field change measurements. Rakov and Uman [2003, p. 325] [49] The average linear charge density of discharge trees in our model can also be estimated and compared to previously published values. This is done by summing the absolute value of the charge carried by channels of each polarity and dividing it by the total length of the channels ($147 km), leading to an estimate $0.5 mC/m. This value is below but still is in a reasonable agreement with a value of 1 mC/m referred to by Helsdon et al. [1992] and Mazur and Ruhnke [1998] . It is in also in good agreement with the linear charge densities between 0.7 and 8.7 mC/m estimated by Proctor [1997] for intracloud flashes with origin similar to that of the simulated discharge presented in this paper.
[50] Figure 9a shows the evolution of the channel potential during the development of the discharge trees. Being initiated just above the central negative layer, the initial channel potential f 0 is strongly negative ('À47.5 MV). In the early stages of the development ($30 steps), while the breakdown tree is developing vertically, f 0 rapidly increases to approximately 0 MV. This change in potential is required to maintain channel neutrality in an asymmetric potential environment. In particular, the induced charge density along a linear, vertical equipotential channel is proportional to the difference between the channel potential and the ambient thundercloud potential at the same altitude. To maintain overall charge neutrality in the presence of an asymmetric potential profile, the leader potential changes as the breakdown increases in vertical extent [e.g., Mazur and Ruhnke, 1998; Bazelyan and Raizer, 2000, pp. 152-153; Behnke et al., 2005, Figures 5 and 6] . For the simulation of this study, the negative and upper positive charges are nearly equal and opposite and the lower positive charge is relatively weak, so that the ambient potential profile becomes approximately symmetric when the channel potential f 0 reaches about 0 MV (Figure 8c ). Beyond $30 iteration steps, the channel has entered the upper positive charge region and starts developing horizontally (Figure 4a) . The channel potential continues to increase at a slower rate because of changes in the neutral midpoint location as the discharge develops, but more importantly because of substantial changes in the ambient potential profile and as the thundercloud becomes increasingly discharged. The channel potential at the end of the simulated discharge is about +41.5 MV, indicative of the potential of the discharged storm at the end of the discharge (Figure 8c) .
[51] The regions of intense charge correspond to wells of ambient potential [Coleman et al., 2003] , i.e., extrema of the ambient potential bounded by strong potential gradients. For the simulation of this study, the potential wells are at altitudes of 6.6 km and 10.2 km (Figure 8c ). Equation (3) emphasizes that the discharge develops into regions where the difference between the channel potential f 0 and the surrounding potential (i.e., the ambient potential as modified by the presence of the channel) is maximized. The region where the discharge is initiated is a region of high potential gradients, therefore the discharge rapidly propagates ''downhill,'' that is to say in the direction of the strongest gradients, into and within the potential wells. The wells extend largely in horizontal directions (5 -6 km) but are fairly narrow in the vertical direction (1 -2 km). Thus, when the channel reaches the bottom of a well, further propagation in the z-direction would require it to go ''uphill,'' i.e., toward a decreased potential difference, while horizontal propagation allows the development of the discharge trees into the region where the difference between the channel potential and the surrounding potential is still large. In other words, the discharge starts developing horizontally because of greater potential gradients in the horizontal direction than in the vertical direction. Similar dynamics were observed by Coleman et al. [2003] for discharges detected by the LMA.
[52] It is noted that the altitudes of the potential extrema are slightly different than the altitudes of the charge centers (10.2 km versus 9.75 km for the upper positive charge, respectively, and 6.6 km versus 6.75 km for the negative charge). As noted by Coleman et al. [2003] , the extrema in the vertical potential profile occur where the vertical component of the electric field E z happens to pass through zero (Figure 8b ). The zero crossings are influenced by the presence of multiple charge layers as well as by their locations, polarities and charge contents, causing the altitudes of the potential extrema to be different from those of the isolated charge centers. An important question is where the lightning-deposited charge will be centered. In terms of grid points involved in the simulated discharge, the number of grid points occupied by a discharge channel peaked at altitudes of 10.0 km and 6.8 km in the upper positive and midlevel negative regions, respectively (Figure 4c ). These peaks were thus displaced somewhat from the altitudes of the potential wells, closer to or at the charge centers themselves. A more detailed understanding of the effects is the subject of continued study.
[53] The overall symmetry of the thunderstorm charge configuration in our model suggests that the resulting discharge electric dipole moment would be essentially vertical. The Q P and Q N charge layers form a normal polarity dipole in the upper part of the cloud in which leaders of opposite polarities propagate. It is therefore expected the fully developed channels would form an opposite polarity dipole (i.e., vertical and preferentially downward directed). Results presented in Figure 9d are consistent with these expectations. Figure 9d also indicates that the dipole moment of the discharge is dominated by its vertical component during the full period of propagation of the leader channels. The magnitude of the dipole moment of the fully developed discharge has been calculated to be $122 CÁkm, as compared to the observational values reported by Krehbiel [1981] of 13-102 CÁkm for the initial intracloud discharges in a developing storm and $200 CÁkm for the energetic intracloud discharge in a fully developed storm, and inferred dipole moment changes of 17 CÁkm and 147 CÁkm for the two intracloud discharges studied by . The results are also consistent with modeling results by Mansell et al. [2002] , whose simulations estimated jpj = 173-241 CÁkm.
[54] The model also allows direct investigation of the reduction of the electric field inside of the thundercloud due to the growth of the discharge trees. The results shown in Figure 8b demonstrate that the simulated intracloud leader structure significantly reduces the electric field in the cloud. In particular, the fractional decrease of the electric field by $80% at an altitude around 8 km is in reasonable agreement with the values $60% and $75% measured by Winn and Byerley [1975] and Stolzenburg et al. [2007] , respectively. This reduction is especially pronounced at altitudes $6.5 km and $10.0 km, where most of discharge trees develop (see Figure 8b ). The field is lowered far below the propagation threshold. Our results therefore demonstrate that under model conditions discussed in this paper the bulk charge carried by the integral action of positive and negative lightning leaders is sufficient to significantly reduce the value of the electric field in the thundercloud. Alternatively, these results also suggest that the location of the charge deposited by the lightning leader channels can be inferred from the location of strong field reduction in balloon sounding data.
[55] Results of the present study demonstrate the ability of the model to produce realistic intracloud discharges. In so doing, our results further support and expand upon the idea that lightning propagates through regions of net charge in a thunderstorm, and indicate the extent to which the two are coupled. The simulations also demonstrate that branching occurs primarily within the charge regions and, except for the leaders connecting the charge regions, the breakdown is effectively confined to these charge regions.
[56] A simple explanation for the propagation of lightning through regions of net charge rests on the assumption that discharges will tend to minimize the overall electrical energy of a storm, and that this will not be accomplished if the lightning deposited charges are displaced from the centers of the storm charges themselves (or from the potential wells). Vonnegut [1983] raised the question of the simplicity of the relationship between the lightning and storm charges for a phenomenon as complex as lightning. The issue has been partly resolved by the laboratory experiments of Williams et al. [1985] and by the recent observational studies by Coleman et al. [2003] and Rust et al. [2005] . These studies clearly established the existence of a close relationship between the lightning and storm charges and showed that lightning charge deposition partially explains the complex charge structures observed by in situ measurements [Rust and Marshall, 1996; Stolzenburg et al., 1998 ]. However, complete validation of the hypothesis requires simulation of the physics of the process as in the present study and the study by Mansell et al. [2002] .
[57] The present study has tested the above ideas by (1) using lightning data to infer a realistic storm charge structure, (2) growing the charge structure to the point where it would be expected to produce lightning, (3) simulating the lightning with physical models, and (4) comparing the results. The fact that the results compare favorably shows not only that the modeling has been successfully implemented, but more importantly just how lightning responds to the storm charge distribution. Further studies and development of the model is expected to advance these ideas further yet. The results of Figure 8b demonstrate that the simulated intracloud leader structure reduces the overall electric field inside the thundercloud. At the same time, the field will be locally enhanced in the vicinity of the lightning channels, which can be investigated with further refinements of the model.
Conclusions
[58] In this paper a new model of intracloud lightning discharge has been presented, based on Kasemir's [1960] hypotheses of equipotentiality and neutrality of the channel, and on the dielectric breakdown model proposed by Niemeyer et al. [1984] . Using a realistic thundercloud charge distribution, the model is able to reproduce a realistic pattern of an intracloud discharge (in particular, the altitude of initiation and extensive horizontal propagation of leader channels) comparable to an actual discharge observed over Langmuir Laboratory on 31 July 1999. It has been shown that parameters of the discharge such as the charge carried, dipole moment and average linear charge density associated with the leader trees, are in good agreement with previous modeling and related measurements reported in the existing refereed literature. The model has been applied to study the reduction of the electric field in the thunderstorm due to the growth of the bipolar structure of leader trees resembling development of an intracloud lightning discharge. This study suggests that the polarization charges carried by the leader trees could lower the net charge in the different charge layers of the thundercloud and could decrease the total electric field significantly below the lightning initiation threshold.
